The neurotransmitter serotonin has been implicated in the pathophysiology of psychosis. The serotonin transporter (5-HTT) plays a critical role in regulation of serotonergic function. A recently identified polymorphism in the promoter region of the 5-HTT gene (5-HTTLPR) produces significant differences in 5-HTT expression and function and was found to be associated with anxiety-related traits in healthy volunteers. We investigated whether 5-HTTLPR is associated with psychosis in neuroleptic-free schizophrenic or schizoaffective patients. Fifty patients with schizophrenia or schizoaffective disorder by DSM-III-R criteria were genotyped at 5-HTTLPR and underwent double-blind Brief Psychiatric Rating Scale (BPRS) ratings while neuroleptic-free for approximately 4 weeks. Patients with the 5-HTTLPR ll genotype (n = 19) had significantly higher BPRS ratings for psychosis than patients with the ls (n = 25) or ss (n = 6) genotypes. Examination of individual items revealed a specific significant increase in intensity of hallucinations in patients with the 5-HTTLPR ll genotype. These data provide preliminary evidence for a role of serotonin in the pathophysiology of hallucinations and may represent the identification of an allelic variant that modifies the complex clinical presentation of schizophrenia.
Several lines of evidence suggest that abnormalities in serotonin (5-HT) function are involved in the pathophysiology of psychosis and, in particular, hallucinations. The 5-HT partial agonist lysergic acid diethylamide (LSD) produces psychotic symptoms such as paranoia and hallucinations in normal controls [1] [2] [3] while the 5-HT agonist, m-chlorophenylpiperazine (mCPP), can exacerbate psychosis in schizophrenia. 4, 5 Post-mortem studies have revealed alterations in 5-HT 2 receptor densities in limbic 6, 7 and prefrontal cortical [8] [9] [10] [11] brain regions of schizophrenic patients. Finally, clozapine, the most effective antipsychotic agent for treatment-resistant schizophrenia, has potent effects at several 5-HT receptor subtypes. [12] [13] [14] 5-HT re-uptake plays a critical role in the regulation of 5-HT neurotransmission. The 5-HT transporter (5-HTT) terminates the synaptic actions of serotonin by sodium-dependent re-uptake into the presynaptic terminal. Recently, Lesch and colleagues have identified and functionally characterized a polymorphism of the 5-HTT transcriptional control (promoter) region designated 5-HTTLPR. 15, 16 The polymorphism consists of a 44-bp insertion (the l or long allele) or deletion (the s or short allele). 15, 16 Lymphoblast cell lines transfected with the l variant exhibit significantly greater basal transcriptional activity than the s allele. 15 Moreover, mRNA concentrations, [
125 I]RTI-55 binding and [ 3 H]5-HT uptake are significantly higher in lymphoblast cell lines derived from human subjects with the ll genotype in comparison to those with either the ls or ss genotypes. 16 These data indicate that the 5-HTTLPR ll genotype produces significant effects on 5-HT function in human cells.
There are limited data on the effect of 5-HTTLPR on human behavior. 16, 17 Lesch and colleagues 16 have reported that individuals with the ll genotype have significantly lower scores on ratings of an anxiety-related trait than subjects with the ls and ss genotypes. The clinical effects of 5-HTTLPR on putatively 5-HTrelated behavioral phenomena such as psychosis, however, remain to be elucidated. We therefore have determined 5-HTTLPR genotypes in 50 neurolepticfree schizophrenic or schizoaffective patients to investigate the influence of 5-HTTLPR on psychotic symptoms.
Methods

Subjects
Fifty patients (36 M, 14 F, mean age = 36.4 ± 8.0 yrs) from the Experimental Therapeutics Branch of the National Institute of Mental Health (NIMH) who met DSM-III-R criteria for schizophrenia or schizoaffective disorder granted written informed consent to participate in the study. Subjects were studied under a human research protocol approved by an NIMH Institutional Review Board. The ethnic composition was 88% white, 10% black, and 2% Asian. As part of a double-blind, placebo-controlled antipsychotic drug trial, patients underwent a neuroleptic-free period of at least 2 weeks.
Behavioral rating
Psychotic symptoms were assessed with the 18-item Brief Psychiatric Rating Scale (BPRS). 18 Each item in the BPRS is rated from 1 ('not present') to 7 ('severe'). BPRS ratings were administered after patients were neuroleptic-free for at least 2 weeks (mean neurolepticfree days = 26.5 ± 6.0) by raters blind to the patient's neuroleptic status and genotype. Intraclass correlations between all raters were Ͼ0.80. These ratings are conducted to reflect the patient's symptomatology for the week prior to the rating session. The empirically derived BPRS factors 19 for thought disturbance (also designated the psychosis or positive symptom factor), withdrawal-retardation (also designated the negative symptom factor), hostility-suspiciousness and anxiety-depression were each analyzed.
Genotyping
Genomic DNA was extracted from lymphocytes (Puregene, Minneapolis, MN, USA). Polymerase chain reaction (PCR) amplification was accomplished using two flanking primers: U: 5Ј GGCGTTGCCGC TCTGAATGC 3Ј and L: 5Ј GAGGGACTGAGCTGG ACAACCAC 3Ј. The PCR reaction mixture contained a total volume of 20 l with: 100 ng genomic DNA, 0.1 M primers, 40 M dNTPs, 20 M deaza dGTP, and 1 U AmpliTaq with the appropriate buffer (Perkin Elmer, Norwalk, CT, USA). To enhance the specificity and sensitivity of PCR amplification, TaqStart Antibody (Clontech, Palo Alto, CA, USA), a neutralizing monoclonal antibody to Taq DNA polymerase, was used. Cycling conditions were: one denaturing cycle at 95°C for 5 min, two cycles with touch down annealing temperature at 62-63°C for 30 s, and 38 cycles with annealing temperature at 61°C. Final DNA elongation was at 72°C for 10 min. The bands were visualized using a prestained (0.4 g ml −1 of ethidium bromide) 2% agarose gel. The gel was run for 1 h at 120 V.
Statistical analysis
For the purpose of statistical comparisons, we assumed that 5-HTTLPR acts in a dominant-recessive manner and grouped the ls and ss genotypes. This grouping was based upon: (1) previous functional data demonstrating that mRNA concentrations, [
125 I]RTI-55 binding, and [
3 H]5-HT uptake are significantly higher in lymphoblast cell lines derived from human subjects with the ll genotype compared to either the ls or ss genotypes; 16 (2) the previous behavioral association between anxiety-related traits and 5-HTTLPR using this grouping; 16 and (3) because only six individuals were identified with the ss genotype.
To evaluate the effect of ll genotype on BPRS score, we compared subjects with the ll genotype to subjects with either the ls or ss genotype with Mann-Whitney U tests. The BPRS factors for thought disturbance, withdrawal-retardation, hostility-suspiciousness and anxiety-depression were analyzed. Individual items within BPRS factors found to be significantly affected by genotype were also analyzed with Mann-Whitney U tests. Bonferroni corrections were applied by dividing 0.05 by the number of comparisons to determine the P-value necessary to achieve significance. Student's t-tests were conducted to analyze the patients' demographic data. All data are presented ± standard deviation.
A qualitative analysis was performed on the BPRS item for hallucinations with a score of 3 representing a threshold between patients with hallucinations rated as 'often' or 'pervasive' vs those with ratings of 'not present' or 'occasionally'. A chi-squared test was utilized to analyze these data.
Results
5-HTTLPR allele frequencies in our schizophrenia sample were l: 63%, s: 37% (n = 100). Genotype frequencies were: ll: 38%, ls: 50%, ss: 12% (n = 50). These 5-HTTLPR allele ( 16 consistent with prior studies demonstrating no significant relationship between the 5-HTT gene and increased risk for schizophrenia. 20, 21 No significant differences in demographic data were observed between schizophrenic patients with the ll genotype vs patients with the ls or ss genotypes ( Table  1) . Duration of the neuroleptic-free period between patients with the ll and the ls/ss genotypes was also not significantly different ( Table 1) .
Analysis of the BPRS factors by genotype revealed significantly higher thought disturbance ratings in patients with the ll genotype compared to patients with either the ls or ss genotypes (Table 2 ). There were no significant differences in BPRS ratings for hostilitysuspiciousness, withdrawal-retardation, or anxietydepression by genotype (Table 2) after Bonferroni correction for the four comparisons (P Ͻ 0.013).
Analysis of the three individual items within the BPRS thought disturbance factor revealed that hallucinations ( Figure 1) were significantly more frequent and severe in patients with the ll genotype compared to those with the ls/ss genotypes (Table 2) after Bonferroni correction for the three comparisons (P Ͻ 0.017).
Qualitative analysis of the effect of the ll genotype on hallucinations revealed that the ll genotype was sig- nificantly associated with ratings of 'often' or 'pervasive' hallucinations rather than with ratings of 'not present' and 'occasionally' (Table 3) .
Discussion
This study provides preliminary evidence that a polymorphism that alters serotonin transporter function, 5-HTTLPR, is associated with psychosis and, in particular, hallucinations in neuroleptic-free schizophrenic patients. Quantitative analysis revealed that the BPRS factor score for thought disturbance, a measure of positive symptoms, was significantly higher in patients with the ll genotype, in comparison to patients with either the ls or ss genotypes. Moreover, analysis of individual items within the thought disturbance factor demonstrated that the ll genotype was specifically associated with the frequency of hallucinations in neuroleptic-free patients. This association was highly significant with both the quantitative analysis of BPRS score by genotype and the qualitative analysis utilizing In this study, we assumed that 5-HTTLPR has a dominant-recessive effect and grouped the ls and ss genotypes. If the action of the l and s alleles are codominant-additive, the statistical comparison should be conducted across all three genotypes. For thought disturbance, the effect of genotype remains significant (Kruskal-Wallis H = 10.92, d.f. = 2, P = 0.004), with no significant difference between the ls and ss genotypes. For hallucinations, the effect of genotype remains significant (Kruskal-Wallis H = 8.71, d.f. = 2, P = 0.013), with no significant difference between the ls and ss genotypes. Therefore, our data suggest that 5-HTTLPR influences psychosis regardless of whether the genetic model is assumed to be dominant-recessive or codominant.
We found that 5-HTTLPR influences the clinical presentation of schizophrenia but is not associated with increased vulnerability to disease. These data are consistent with affected sibling pair studies demonstrating that the genetic predisposition to hallucinations in schizophrenia is independent of the genetic predisposition to illness. Kendler et al 22 recently reported a specific lack of concordance for hallucinations in 256 sibling pairs concordant for schizophrenia, consistent with previous studies demonstrating lack of concordance for hallucinations in schizophrenic sibling pairs. [23] [24] [25] However, it may be difficult to extrapolate heritability estimates for symptoms such as hallucinations from sibling pair studies as these studies reflect assessments of lifetime symptomatology, are primarily retrospective, the majority of patients are not neuroleptic-free and the potent effects of antipsychotic drug treatment on intensity of hallucinations are not controlled for. Whether 5-HTTLPR modifies the presentation of other illnesses in which psychosis is present is unknown. Studies of 5-HTTLPR's role in disorders such as Huntington's disease, bipolar disorder, and Alzheimer's disease would also be of interest. The 5-HTTLPR l allele has been found to result in enhanced serotonin re-uptake. Our data indicate that this allele is associated with frequency of hallucinations. These data are consistent with a recent finding that the serotonin re-uptake inhibitors, fluoxetine, sertraline and paroxetine, block LSD-induced hallucinations in drug abusers 26 and a study reporting that fluoxetine treatment resulted in a 30% reduction in hallucinations in schizophrenic patients. 27 The mechanism by which increased serotonin re-uptake leads to increased frequency of hallucinations is unclear. We speculate that chronically reduced synaptic 5-HT levels may stimulate post-synaptic receptor upregulation or alterations in signal transduction pathways in individuals with schizophrenia. The consequence of these 'downstream' alterations may be a hypersensitive 5-HT system that is preferentially activated by neurochemical or environmental perturbation. Some important caveats need to be considered in the interpretation of our data. First, our behavioral assessment was based upon a single BPRS rating in each patient and does not provide detailed information on chronic symptomatology. As the intensity of hallucinations can vary across time, it is possible that our results represent a false positive secondary to chance. However, it should be noted that the BPRS ratings were conducted to reflect symptoms occurring over a time period of one week in a neuroleptic-free patient, and are not strictly a measure of symptoms at one instance in time. Moreover, intra-individual variation in symptoms would be expected to introduce statistical 'noise' into the analysis and would bias the study against a significant association between symptoms and genotype. Second, ethnic variation in allele frequencies between study groups may be a factor in case-control association studies. We are, however, unaware of any relationship between intensity of hallucinations and ethnic differences in schizophrenia. Nevertheless, replication in independent neuroleptic-free study groups and/or studies utilizing haplotype relative risk or transmission disequilibrium test designs (in which parental DNA provides an internal control for ethnic variation) are needed to confirm this finding.
In conclusion, 5-HTTLPR appears to influence a cardinal clinical feature of schizophrenia, the positive symptoms and hallucinations. Further studies with other neuroleptic-free patients and with populations in which treatment and drug response are well-defined are needed to replicate and explore the mechanism of the effect of 5-HTT on psychosis. Such studies may yield the information necessary to dissect the heterogeneity of this devastating illness.
